Peritoneal dialysis (PD) is an attractive treatment for patients with end-stage kidney disease. However, long-term PD is associated with the development of functional and structural alterations of the peritoneal membrane. 1 Several factors are thought to be involved in the development of peritoneal fibrosis in PD patients. Inflammatory cytokines in the peritoneal cavity during peritonitis may also trigger chronic inflammation and fibrosis.
A number of studies have now shown that macrophages have an important role in many aspects of tissue injury, inflammation and repair. 2, 3 Macrophages can be activated via a number of intracellular signaling pathways (ie, c-Jun amino terminal kinase (JNK), p38 mitogen-activated protein kinase (FcR/Syk), Janus kinase/signal transducer and activator of transcription (JAK/STAT)).
TGF-b1 has a pivotal role in peritoneal fibrosis. 4 During long-term CAPD, the concentrations of TGF-b in PD effluents are significantly elevated, particularly in patients with peritonitis. 5 TGF-b1 drives the peritoneal deterioration induced by dialysis fluid and highlights the role of TGF-b1-mediated mesothelial-to-mesenchymal transition in the pathophysiology of peritoneal-membrane dysfunction. 6 JNK is a member of a larger group of Ser/Thr protein kinases known as the mitogen activated protein kinase (MAPK) family, which can be activated by TGF-b through TGF-b-activated kinase 1. 7, 8 Recent work identified JNK1 as a crucial mediator of TGF-b1-induced epithelial-mesenchymal transition (EMT) 9 and lung fibrosis. 10 Several lines of evidence suggest that the reninangiotensin-aldosterone system may have a key role in the development of tissue fibrosis. Ang II promotes the expression of MCP-1 and TGF-b1, which ultimately leads to deposition in the extracellular matrix. [11] [12] [13] [14] Although aldosterone promotes tissue fibrosis in many organs, its contribution to peritoneal fibrosis and the underlying mechanism are poorly understood. Aldosterone-induced TGF-b1 expression in mesangial cells is regulated by the ERK1/2, JNK and AP-1 intracellular signaling pathways. 15 In this study, we investigated the hypothesis that aldosterone could promote peritoneal inflammation and fibrosis by stimulating the secretion of macrophages in the peritoneum, activating the JNK pathway, and further upregulating the expression of TGF-b1.
MATERIALS AND METHODS Animal Model And Treatment Groups
We established a rat model of peritoneal inflammation and fibrosis as described by Nie et al. 16 Fifty male Wistar rats, aged 6-8 weeks and 180-200 g in weight, were purchased from the Animal Laboratory Service (Harbin Medical University, China), and the experiments were conducted in accordance with animal care guidelines.
The rats were randomly assigned to five groups of 10 rats each: group I, control (C); group II, peritoneal dialysis (PD); group III, peritoneal dialysis-spironolactone (PD-S); group IV, peritoneal dialysis-cilazapril (PD-C); and group V, peritoneal dialysis-spironolactone-cilazapril (PD-SC). Peritoneal inflammation was established in rats in the groups II-V by daily intraperitoneal injection of 4.25% glucose dialysates (Baxter Healthcare, Deerfield, Illinois, USA) at a dose of 100 ml/kg and lipopolysaccharide (Sigma, St Louis, Missouri, USA) at a dose of 0.6 mg/kg in a 4-day interval over a period of 7 days. Food and water were given ad libitum to all the groups. Rats in groups III-V received spironolactone (aldosterone receptor antagonist, 50 mg/kg/day), cilazapril (ACE inhibitor, 10 mg/kg/day) and spironolactone plus cilazapril, respectively. These medications were dissolved in drinking water immediately before administration by gastric gavage once daily in the morning.
Peritoneal Equilibration Test (PET)
Rats from all the treatment groups were euthanized on day 30 for baseline assessment of ultrafiltration and membrane transport. At 4 h after intraperitoneal infusion of 30 ml of 4.25% Dianeal, animals were killed. An accurate ultrafiltration volume was measured, and blood samples were obtained. Automatic biochemistry analyzer was used to measure the creatinine in plasma (P cr ) and final 
Experimental Procedures
After 30 days of treatment, 10% chloral hydrate (an anesthetic, 3 ml/kg) was injected intraperitoneally using a 22-gauge needle. Following a gentle abdominal massage, a tube was inserted into the peritoneal cavity through a midline incision. The peritoneal fluid was aspirated through a syringe without leakage. The aspirated peritoneal fluid was immediately centrifuged (4 1C, 4000 r.p.m. for 10 min), and the supernatants were stored at À 70 1C for double-blinded measurement of TGF-b1 later. The rats were killed by hypovolemia, and together with the peritoneum, tissue samples were obtained from the abdominal wall away from the injection site. The tissue samples were stored at À 70 1C.
Histological Tissue Analysis
Tissue samples (5 Â 2 Â 2) were then immersed in 10% formalin for 24 h and embedded in paraffin. Sections (2 mm) were stained with hematoxylin and eosin (HE) and Masson's trichrome stain. For each section, 10 visual fields ( Â 200 times) were observed. The presence of collagen was evaluated quantitatively from Masson's trichrome-stained sections using the HPIAS-1000 analytic software (Champion Image Engineering Company of Tongji Medical University, Wuhan, China). The thickness of the connective tissue between the mesothelium and the abdominal wall was evaluated using the HPIAS-1000 analytic software. Three random areas of each tissue section were measured, and three tissue sections per rat were examined.
Measurements of TGF-b1 in the Abdominal Cavity Liquid by ELISA The levels of activated TGF-b1 in the abdominal cavity liquid under different experimental conditions were measured by ELISA kit for TGF-b1 (R&D Systems, USA) according to the manufacturer's protocol. The absorbance at 450 nm was measured by a microplate reader. The concentrations of activated TGF-b1 were determined from the standard curve.
Immunohistochemistry
Immunohistochemical staining was performed using the streptavidin-biotin-peroxidase technique. Briefly, endogenous peroxidase activity was quenched in 0.3% H 2 O 2 , and then nonspecific protein binding sites were blocked by incubating with 10% normal serum. MCP-1, p-c-Jun, TGF-b1, FN, macrophages and lymphocytes were stained with anti-MCP-1, anti-p-c-Jun, anti-TGF-b1, anti-FN (Santa Cruz Biotechnology, California, USA), anti-CD68 (Abcam, Cambridge, UK) and anti-CD4 (Abcam, Cambridge, UK) antibodies, respectively. Brown and yellow staining was . To normalize the data, b-actin expression levels was used as an internal control.
Statistical Analysis
All obtained numerical data are expressed as mean ± s.d. ANOVA was used to analyze groups with more than two sets of data, and Fisher's D was used to compare groups of data. All statistical calculations were processed using the SPSS 11.0 software (SPSS, Chicago, Illinois, USA). P-values of o0.05 were considered statistically significant.
RESULTS

Morphological Changes of the Peritoneum and Peritoneal Function
Morphological changes of the peritoneum were evaluated by HE and Masson's trichrome. As shown in Figure 1 , normal rat peritoneum was thin, consisting of a linear layer of mesothelial cells, and there were few inflammatory cells in the colic omentum. In the PD group, a loss of mesothelial cells and increased numbers of inflammatory cells in the colic omentum were evident at 4 weeks after initiation of PD.
As shown in Figure 2 , compared with normal rats, severe peritoneal dysfunction demonstrated by a significant decrease in the peritoneal ultrafiltration and D 4 /D 0 was found in the PD group. The D/P cr in the PD group was significantly higher than those of rats in the control group (Po0.01). In contrast, spironolactone or cilazapril (PD-S, PD-C and PD-SC groups) attenuated the changes (Po0.01).
MR, CYP11B2 and 11b-HSD2 mRNA Expression in the Peritoneal Tissues CYP11B2 is a key factor in aldosterone synthesis. RT-PCR showed that the mRNA expression of CYP11B2 and MR in normal peritoneal tissues was minimal (Figure 3 ) but was substantially upregulated in the PD group (Po0.01). In contrast, animals that received spironolactone or cilazapril treatment (PD-S, PD-C and PD-SC groups) showed a marked reduction in peritoneal MR and CYP11B2 mRNA (Po0.01).
As the nonselective MR activation by glucocorticoids may also have a role in peritoneal fibrosis, we examined the mRNA expression of 11b-HSD2, an enzyme that protects against glucocorticoid-induced MR activation by converting biologically active 11-hydroxysteroid (cortisol) to the inactive 11-ketosteroid form (cortisone). 11b-HSD2 enzyme was absent in the peritoneum of the control group but was upregulated in the PD group (Po0.01). Compared with the PD group, spironolactone or cilazapril (PD-S, PD-C and PD-SC groups) attenuated the changes (Po0.01; Figure 3 ).
Aldosterone Receptor Antagonism Reduced Inflammation and Fibrosis in the Peritoneum
Peritoneal thickness and collagen fibers The normal rat peritoneum was thin and consisted of little collagen deposition as shown by Masson's trichrome staining (Figure 4 ). In the PD group, there was an increase in peritoneal thickness with richness of collagen matrix deposition in the submesothelial zone (Po0.01). The thickness of the peritoneum and collagen matrix deposition in the spironolactone or cilazapril (PD-S, PD-C and PD-SC) groups were significantly different from that of the PD group (Po0.01). Spironolactone prevents peritoneal fibrosis L Zhang et al spironolactone or cilazapril treatment (PD-S, PD-C and PD-SC groups). Quantitative analysis showed that both ED-1-and CD-4-positive cells in the peritoneal tissues of spironolactone/cilazapril-treated rats (PD-S, PD-C and PD-SC groups) were significantly lower than that in the PD group (Po0.01).
Inactivation of the c-Jun Pathway by Aldosterone Receptor Antagonism
The expression of p-c-Jun was weak in normal rats ( Figure 8 ). The PD group exhibited greater p-c-Jun expression in the abdominal membrane (Po0.01), whereas treatment with spironolactone or cilazapril (PD-S, PD-C and PD-SC groups) showed reduced p-c-Jun expression (Po0.01).
Aldosterone Receptor Antagonism Downregulates the Expression of TGF-b1
It is well known that TGF-b1 have a critical role in the peritoneal structural alteration in PD. As shown in Figure 9 (1), TGF-b1 released into the abdominal cavity liquid was markedly increased in the PD group (Po0.01) but was significantly inhibited by spironolactone or cilazapril (Po0.01).
The peritoneum of normal rats had weak expression of TGF-b1 ( Figure 9(2) ). No staining of peritoneal mesothelial cells was apparent in the control group. The rats from the PD group exhibited greater TGF-b1 immunostaining in the abdominal membrane (Po0.01), whereas treatment with spironolactone or cilazapril (PD-S, PD-C and PD-SC groups) was characterized by reduced TGF-b1 immunostaining in the abdominal membrane (Po0.01).
DISCUSSION
Peritoneal inflammation is an initial and essential step in the development of peritoneal complications associated with long-term PD. The peritoneum is infiltrated with white Spironolactone prevents peritoneal fibrosis L Zhang et al blood cells and macrophages, which can release high levels of free oxygen radicals, proteinases, prostaglandins, leukotrienes and cytokines, including TNF-a, IL-1b, MCP-1 and RANTES. These substances are known to damage the structural integrity of the peritoneum by targeting peritoneal mesothelial cells, eventually resulting in fibrosis and loss of peritoneal function. [17] [18] [19] [20] [21] A key role for macrophages in fibrosis has been observed in diverse organ settings. In PD patients, compared with uninfected patients, macrophages display an upregulation ex vivo. 22 Some studies have shown that the macrophages may participate in human peritoneal fibrosis through the stimulation of fibroblast cell growth and CCL18 production. 23 Other research has indicated that macrophages may also have a crucial role in peritoneal fibrosis induced by high glucose and that the function of M2 macrophages in peritoneal fibrosis may be related to the TGF-b/Smad signaling pathways. 24 In our study, we found that the quantity of macrophage ED1 is increased in PD rats.
The function of JNK signaling is dependent on phosphorylation of activation domains (via upstream MKK4 or Spironolactone prevents peritoneal fibrosis L Zhang et al MKK7) that enables JNK to phosphorylate a range of target proteins that include transcription factors (ie, c-Jun, JunD, Smad3) and other signaling pathway elements that induce pro-inflammatory, pro-fibrotic and/or pro-apoptotic responses. 25 JNK activation can be detected in infiltrating macrophages in experimental rat anti-glomerular basement membrane disease and in cisplatin-induced acute renal injury. 26, 27 Another study of human kidney disease has used immunodetection of c-Jun phosphorylation to identify JNK signaling in many glomerular and tubular cells, to the extent that tubulointerstitial JNK activation has been negatively correlated with estimated glomerular filtration rate. 28 In our study, p-c-Jun showed higher expression levels in the PD group compared with reduced ex-pression levels in the other groups that were treated with spironolactone and/or cilazapril, indicating that JNK is activated in the PD group. Recent studies have demonstrated evidence for crosstalk between the JNK and TGF-b1 signaling pathway. For example TGF-b1 can mediate the activation of JNK1. 29,30 Furthermore, JNK-dependent phosphorylation of c-Jun and JunB has been demonstrated to mediate the antagonistic effects of inflammatory cytokines on TGF-b1/Smad signaling. 30 In pulmonary fibrosis, studies have demonstrated the pivotal importance of the JNK1 signaling pathway in augmenting the expression of pro-fibrotic mediators and identified JNK1 as a crucial amplifier of TGF-b1-induced EMT. 9, 10 Aldosterone is a steroid hormone that acts via the mineralocorticoid receptor (MR). MR differs from the other steroid receptors in that it responds to two physiological ligands, aldosterone and cortisol. MR binds aldosterone and cortisol with equal affinity, but the presence of the cortisolinactivating enzyme 11b-HSD2 confers aldosterone specificity for MR in tissues where they are coexpressed. 31 Funder 32 recently suggested that 11-bHSD2 may be important in aldosterone selectivity by inhibiting the ability of cortisol to act as an MR agonist rather than excluding cortisol from binding MR. In our study, MR is barely detectable, and 11b-HSD2 is absent in the normal peritoneum. However, Spironolactone prevents peritoneal fibrosis L Zhang et al MR and 11b-HSD2 are upregulated in the peritoneum after inflammation and fibrosis. The parallel upregulation of 11b-HSD2 and MR suggests the potential for aldosterone-specific signaling within the fibrotic peritoneum.
MR is present in various nonepithelial cells, where aldosterone causes inflammation and fibrosis through genomic and nongenomic actions. 33 We found that MR and CYP11B2 expression was enhanced in the peritoneum. CYP11B2 is a key factor in aldosterone synthesis. Macrophage MRs are necessary for the translation of inflammation and oxidative stress into interstitial and perivascular fibrosis after NO deficiency, even when plasma aldosterone is not elevated. 34 Spironolactone prevented these changes, which might be a reason for the reduction of fibrosis.
Aldosterone has been reported to induce collagen synthesis in cultured cardiac fibrosis, 35 vascular smooth muscle cells 36 and glomerular mesangial cells. 37 A number of studies have shown that spironolactone acts to prevent cardiac and renal fibrosis by inhibiting the synthesis of plasminogen activator inhibitor-1, TGF-b1, MCP-1 and reactive oxygen species. 38, 39 Irbesartan and spironolactone seem to decrease the extent of peritoneal injury caused by bacterial peritonitis. 40 Aldosterone stimulates the MAPK pathway and cell-cycle progression in mesangial cells mainly via MR. 41 Another study demonstrated that aldosterone rapidly induced phosphorylation of JNK and spironolactone abolished aldosterone-induced phosphorylation of JNK, 42 which is in agreement with our findings. Spironolactone was shown to downregulate ED1, MCP-1, p-c-Jun, TGF-b1 and FN in the visceral peritoneum.
In our study, aldosterone may have a role in peritoneal fibrosis by combining with MR, stimulating monocyte/ macrophage infiltration and inducing the JNK signaling pathway and TGF-b1. Spironolactone may have a protective role in the prevention and treatment of peritoneal fibrosis. Figure 9 Aldosterone receptor antagonism reduced the levels of TGF-b1 in both dialysate and peritoneum. Enzyme-linked immunosorbent assay of TGF-b1 in abdominal cavity liquid (1) . Immunohistochemical staining for TGF-b1 in the abdominal membrane of rats (2) (brown, original magnification Â 200) (a-e). In the control (a) group, TGF-b1 was weak; in the peritoneal dialysis (b) group, the expression of TGF-b1 increased; and in the peritoneal dialysis-spironolactone (c), peritoneal dialysis-cilazapril (d) or peritoneal dialysis-spironolactone -cilazapril (e) groups, spironolactone or cilazapril recover the change. Each histogram represents mean ± s.e.m. of 10 animals. a Po0.01 vs peritoneal dialysis (PD) group, b Po0.01 vs normal control group.
